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S W R Y :  
This paper reports on the development of XPLANE. a generative computer aided process planninfi system for part manufacturing. 
Described a 
link to CAD systems, as well as systems for computer aided design and selection of .jigs and fixtures, IC part-program 
generation. tool management and capacity planning. The XPUKE system automatically selects tools, machining operations and 
their sequence starting from a full part description created by a boundary-representation solid modeller. Apart from the 
description of the CAM environment the paper focuses on some of the most important specifications of XPLANE, the knowledge 
driven expert system, i.e. the knowledge representation. the inference engine. the explain facility and the knowledae-base 
editor. 
is its position and functioning as a part of a more extended computer aided manufacturing system that includes 
1. INTRODUC7IOI. 
Although the flexibility offered by modern CNC machine tools on 
its own is reasonably high, when placed within a manufacturing 
system or a manufacturing cell the flexibility is limited, amo- 
ngst others, by the number of direct accessible tools and NC- 
programs. The amunt and the complexity of the data required for 
the generation of both error-less and cheap NC-programs is very 
large and justifies the research and development for automatic 
information processing in this area. U p  to now separate develop- 
ments have resulted in a number of more or less on its own 
existing IC programing systems that execute the selection of 
cutting conditions and the determination of cutting paths. How- 
ever, some of the most important bottle-necks in the integration 
of computer aided manufacturing systems are the design and selec- 
tion of jigs and fixtures. the selection of tools and the selec- 
tion and sequencing of mnchining operations (process and opera- 
tions planning). which up to now has been the exclusive domain of 
experienced human planners. GENERATIVE process planning will 
increasingly became a necessity where fixturing design, tool 
selection, process and operations planning and capecity planning 
(scheduling) are coming together in a sense that they have to be 
carried out simultaneously and within a limited period of tine. 
This being caused by the single presence of the different types 
of machinetools, limited availability of tools and such prevai- 
ling factors as small batch sizes and short throuRhput times. 
What of 
automatic decision-making and information processing but. by 
reason of the required flexibility, with extensive possibilities 
of interactive use. One of the major problems of the existins 
systems is their incapability to adapt to changing conditions 
(e.g. various machine tools, different materials. tools and nach- 
ining operations). They are based on current or sometimes even 
obsolete knowledge and are only capable of retrieving old solu- 
tions. Although the logic and expert knowledge applied in process 
and operations planning etc. is by no means simple to represent 
in a computer system, both the disadvantages of the "storage and 
retrieval" systems and the necessity of integration of Cmputer 
Aided Design and computer aided manufacturing systems call for 
the development of generative Computer Aided Process Planning 
system. First the paper concentrates on the description of the 
concept of a largely integrated planning system and subsequently 
focuses on one of the main systems called XPLANE, a process and 
operations planning expert system. 
2. AN IHTECRATED CADICAM SYSTEM CONCEIT. 
An from 
the integration of product design, planning, scheduling and mana- 
gement functions together with a frequent re-use of implemented 
data. Our present design concept of an integrated CAD/CMI svstem 
includes a number of different systems, each of them having his 
own specific function: 
1) A boundary-representation solid-modeller (see 2.1). 
2) A system for computer aided design and selection of jigs and 
3) The XPUNE process planning aystem (see 4). 
4) A module for NC part-program generation (see 2.3). 
5) A tool-management module (see 2.3). 
6) A cell-capacity planning module (see 2.3). 
The different systems use a common data-base to facilitate infor- 
mation transfer from one to another. A future prototype implemen- 
tation will incorporate both a cOrmPOn user environment and multi- 
window (multi-screen) facilities to enable the operator to run 
different modules simultaneously. Paragraph 3 supplies an example 
describing the way in which the operator can interact with such 
an integrated system. Figure 1 shows the present atate of the 
implementation. Figure 2 visualizes the whole design concept. 
2.1 The boundary-representation solid-modeller. 
The integrated system comprises a boundary representation solid- 
modeller. It is used to supply both the part- and blank product- 
is needed are integrated CAM systems with a high degree 
efficient and reliable use of CAD/CAM systems must come 
fixtures FIXES (see 2.2). 
descriptions. A product description must be complete. It must 
contain all relevant information needed by the other system 
members. Therefore the solid-modeller specifications include: 
1) a mathematically exact geometry representation (and not a 
faceted one) to be able to distinguish between e.g. a plane 
and a cylindrical surface. 
2) a possibility to store additional, non geometrical. data c.~. 
material specifications and surface-roughness data, 
3) a facility to specify dimensions. position and shape toleran- 
ces of the product. 
'The solid-modellcr being used in our casc is based on the C.P.Y. 
solid-modeller. which is being developed as an Inter Yordic 
project (l), (2). The C.P.N. madeller has been made available to 
us by the Department of Hanufncturing Systems of the Royal Insti- 
tute of Technology in Stockholm. This madeller is one of the very 
few modellers available that meet the required specifications. 
The integrated system however is not restricted to the use of the 
C.P.H. modeller since it is connected to the remainder part of 
the system via a well defined interface. The interface enables 
replacement of the C.P.M. modeller by a different boundary 
representation solid-modeller that meets the specifications men- 
tioned earlier. 
2.2 'The computer aided design and selection of Jigs and fixtures 
system FIXES. 
FIXES is a technology based fixture-design expert-system that is 
also developed in our laboratory. For a Riven workpiece the 
system will be able 
- to determine the (number of) fixtures necessary, 
- to select necessary positioning, clamping and supporting aids 
- to synthesize these aids into fixtures, 
- to deliver the data for the construction of the fixtures. 
All the data relevant to FIXES will be collected from the comuan 
data-base. A link between FIXES and the common data-base is 
nearly completed. Up to now the FIXES system has retrieved its 
information from a plain 2D technical drawing. A limited proto- 
type-version of FIXES has been delivered to industry in 1985. 
However an agreement on confidentiality prohibits the publishing 
of any detailed report for yet another year. 
2.3 The other systems. 
Apart from the solid-mdeller, FIXFS and XPLANE. non of the other 
systems mentioned in paragraph 2 are actually implemented. The 
tool-management module and the capacity-planning module only 
exist in concept. However. in the past few years much work has 
been directed towards the development of CAPP systems like ROUN3 
(3) and CUBIC (4) which incorporate extensive parts of the 
functions required. ROUND is a working prototype for turning. 
CUBIC deals with box-type products and has been developed at 
earlier date. Its implementation has been stopped for future 
adaptation to the XPLANE system. The NC part-programming module 
will be taken from CUBIC. 
for every fixture, 
3. THE OPERATOR - SYSTM INTERACTION. 
In comuan-day practice a planner is simultaneously engaped in the 
design of fixtures, the determination of machining methods and 
machining sequences and the selection of tools So, separate 
systems are required to support the planner in each of the speci- 
fic tasks. These systems have to be integrated in an overall 
planning system. Working with such a system will incorporate 
continuous switching between the "modules" to achieve a multi-way 
work-preparation process adapted to today's practice. It is ex- 
pected that this switching process can be handled by the program 
in most cases, i.e. without interfereace of the operator. However 
a direct intervention facility has to be made available to the 
operator along with an explain facility which offers the oppor- 
tunity to trace-back the system's decisions. The operator ex- 
periences the integrated system as just one large computer prog- 
ram that is capable of performing a number of specific tasks. The 
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o p e r a t o r  t h e  
s y s t e m .  s i n c e  a l l  modules u s e  t h e  common user-environment .  I n f o r -  
mat ion exchange betvecn t h e  d i f f e r e n t  systems is m i n L a i n e d  bv a 
s i n g l e  common da ta -base  i n  which a l l  d a t o  r e l a t e d  t o  p r o d u c t s ,  
machines .  j i g s  nnd f l x t u r e s ,  m a t e r i a l s  and t o o l s  a s  well as 
g e n e r a t e d  NC-programs etc is s t o r e d .  F i g u r e  3 shows a p o s s i b l e  
ope ra to r - sys t em i n l e r a c l i o n - p r o c e s s .  
- system i n t e r a c t i o n  is t h e  samc f o r  eve ry  p a r t  of 
A produc t  modcl is c r e a t e d  by u s i n g  a c a b i n a t i o n  o f  swep- 
and boo lean  o p e r a t i o n s  w i t h  a d d i t i o n a l  u s e r  p r i m i t i v e  opera-  
t i o n s  suppor t ed  by t h e  C.P.M. s o l i d  mode l l e r .  Fu r the rmore  
m a t e r i a l  s p e c i f i c a t i o n s ,  su r f ace - rouRhness  d a t a  and t o l e r a n c e s  
c a n  be s p e c i f l e d .  P roduc t  models ,  as v e l l  as partial p roduc t s .  
c a n  be s t o r e d  i n ,  or r e t r i e v e d  from. t h e  common da ta -base  a t  
any time; a l s o  for d e s i g n  and e n g i n e e r i n g  purposes .  
The 
machine t o o l  and a t o o l s e t .  
The f i x t u r e - d e s i g n  expe r t - sys t em (FIXES) i s  used to d e s i g n  and 
select t h e  r e q u i r e d  j i g s  and f i x t u r e s  based on t h e  s p e c i f i c a -  
t i o n s  o f  a s e l e c t e d  machine t o o l  a v a i l a b l e  t o o l s  and p r a c t i c a l  
machining o p c r a t i o n s .  
The XPLAKE sys t em s u b s e q u e n t l y  selects adequa te  QachinlnR 
o p e r a t i o n s  and t o o l s  f o r  t h e  machining of t h e  p roduc t  based on 
t h e  p r e v i o u s l y  s e l e c t e d  toolset. nuch ine  t o o l  nnd f i x t u r e .  
p rocedures  under  3) and 4 )  have t o  be c a r r i e d  ouL 
c e l l  c a p a c i t y  p l a n n i n g  sys t em can  be used t o  p r e - s e l e c t  a 
The 
least once f o r  e v e r y  s e l e c t e d  f i x t u r i n g  p o s i t i o n ! !  
I f  t h e  XPLARE system is n o t  c a p a b l e  of s e l e c t i n g  a satis- 
f a c t o r i l y  set o f  machining o p e r a t i o n s  and t o o l s  due  t o  
r e s t r i c t i o n s  imposed by t h e  f i x t u r i n g  s o l u t i o n ,  t h e  opera-  
tor  can  c o n s i d e r  a l t e r n a t l v e  f i x t u r e s  by r e - runn ing  t h e  
f i x t u r e  e x p e r t  system. 
If t h e  XPLANE system is noL c a p a b l e  of s e l e c t i n g  a s a t i s -  
f a c t o r i l y  set o f  machining o p e r a t i o n s  and tools due  t o  
r e s t r i c t i o n s  imposed by t h e  p r e s e l e c t e d  t o o l s e t ,  t h e  
o p e r a t o r  can  select a d i f f e r e n t  t o o l s e t  by re-running t h e  
c a p a c i t y  p l ann ing  system and re-running XPLANE. 
I n  b o t h  c a s e s  i t  mny be n e c e s s a r y  t o  c o n s u l t  t h e  t o o l -  
management module w i t h  r e s p e c t  t o  t h e  a v a i l a b i l i t y  o f  
t o o l s ,  jiRs etc. 
a t  
5) The ,YC part-program g e n e r a t i o n  system c a l c u l a t e s  t h e  c u t t i n n  
c o n d i t i o n s  and t h e  c u t t i n g  pa ths .  based on d n t o  s u p p l i e d  h y  
t h c  p r e v i o u s  programs and s t o r e d  i n  tlic common data-base.  T h i s  
s y s t e m  a l s o  estimates machining times and c o s t s ,  which d a t a  
are used I n  r e l a t i o n  to machine t o o l  s e l e c t i o n  and c n p a c i t y  
planninR. 
I f  t h e  NC part-program g e n e r a t i o n  sys t em f a i l s  t o  d e t e r -  
mine w t i s f a c t o r y  c u t t i n g  c o n d i t i o n s ,  t h e  o p e r a t o r  may r e -  
run t h c  XPLANE s y s t e m  a f t e r  s u p p l y i n g  a d l f f c r e n t  toolset. 
The c e l l - c a p a c i t y  p l ann ing  system s c h e d u l e s  t h e  o p e r a t i o n s  
based on t h e  p r e v i o u s l y  c a l c u l a t e d  times. The schedu led  oe- 
c u p a t i o n  of t h e  s e l e c t e d  machine t o o l ,  t o o l s e t  etc. is c o n f i r -  
med. 
A t  c h o i c e  t h e  o p e r a t o r  m y  re-run t h e  NC part-progrom 
g e n e r a t i o n  system and p r e s c r i b e  a l t e r n a t i v e  c u t t i n g  cond i -  
t i o n s  and t h u s  g e n e r a t i n g  new c o s t s  and time e s t i m n t e s  i n  
o r d e r  t o  avo id  bo t t l e -necks  i n  t h e  c a p a c i t y  p l ann ing  o f  a 
manufac tu r ing  c e l l .  
The i n t e g r a t e d  system is s t r u c t u r e d  i n  s u c h  a way  that t h e  most 
obv ious  a l t e r n a t i v e  s o l u t i o n s  c a n  be found by re-running o n l y  t h e  
p r e v i o u s  system. However n o t h i n g  w i l l  p r e v e n t  a r e r u n  of any o f  
t h e  o t h e r  systems i f  r e q u i r e d .  But it would for i n s t a n c e  n o t  b e  
ve ry  p r a c t i c a l  t o  select a l t e r n a t i v e  f i x t u r e s  i n  o r d e r  to  s o l v e  
b o t t l e - n c c k s  i n  t h e  c e l l - c a p a c i t y  p l ann ing .  This s t r a t c g y  is 
aimed a t  s e l e c t i n g  an  o v e r a l l  and a d e q u a t e  s o l u t i o n  a l l o w i n g  an  
i n c r e a s e d  d e g r e e  of o p t i m i s a t i o n  i n  e a c h  s u c c e s s i v e  s t e p  and t h i s  
be ing  ach ieved  w i t h i n  a l i m i t e d  amount of tine and w i t h  a minimum 
of (cpu-t ime)  c o s t s .  F i g u r e  4 and  5 i l l u s t r a t e  t h e  mechanism 
behind t h e  s t r a t e g y .  
I n  f i g u r e  4 t h e  FIXES module is n o t  a b l e  to  f i n d  a s a t i s f a c t o r i l y  
s o l u t i o n .  A f t e r  r e r u n n i n g  t h e  p r e v i o u s  module ( c e l l - c a p a c i t y  
p l a n n i n g  module) and s e l e c t i n g  a n  a l t e r n a t i v e  s o l u t i o n ,  t h e  FIXES 
sys t em w i l l  b e  a b l e  t o  f i n d  a s a t i s f a c t o r i l y  s o l u t i o n  as shown i n  
f i g u r e  5. 
4. XPLANE. DESCRIPTION OF THE SYSTM. 
XPLANE s t a n d s  f o r  expert p r o c e s s  PLAWning Environment. The system 
c o n t a i n s  a number o f  modules  ( s e e  f i g u r e  6)  which w i l l  be  d i s -  
c u s s e d  i n  t h e  nex t  p a r a g r a p h s  ( 5 ) .  The decis ion-making r e l a t e d  t o  
bo th  machining o p e r a t i o n s  and r e q u i r e d  t o o l s  is  based on i n i t i a l  
u n s t r u c t u r e d  knowledge, s t o r e d  i n  a r e a d a b l e  and easy t o  under- 
s t a n d  knowledge-base. Using t h e  knowledge-base d r i v e n  e x p e r t  
sys t em approach ,  XPLANE i a  n o t  o n l y  c o p a b l e  o f  g e n e r a t i n g  adeq- 
uate p r o c e s s  p l a n s  b u t  t h e  s y s t e m  is a l s o  c a p a b l e  o f  e v a l u a t i n g  a 
number o f  a l t e r n a t i v e  s o l u t i o n s  and of s e l e c t i n g  a n  optimum 
s o l u r i o n  from them. The e v a l u a t i o n  is c a r r i e d  o u t  based o n  a 
g e n e r a l i z e d  cos t - equa t ion .  By u s i n g  t h e  e x p l a i n  f a c i l i t y  o f  t h e  
system. on expe r i enced  u s e r  c a n  o b t a i n  a d v i s e  conce rn ing  a possi- 
b l e  m o d i f i c a t i o n  and r e - s t r u c t u r i n g  of t h e  knowledge i n  t h e  
knowledge-base. T h i s  approach  o f f e r s  a number of advan tageous  
f e a t u r e s  ~n comparison w i t h  t h e  " s t o r a g e  and r e t r i e v a l "  sys t ems :  
I )  t h e  p o s s i b i l i t y  t o  implement company s p e c i f i c  n a c h i n i n g  met- 
hods i n  t h e  knovledge-base,  
2 )  t h e  p o s s i b i l i t y  t o  f r e q u e n t l y  e v a l u a t e  and modify t h e  d e c l s i o n  
c r l t e r i a  based on i n f o r m a t i o n  o b t a i n e d  i n  manufac tu r ing  prac-  
tice, i n  o r d e r  t o  i n s t a l l  knowledge r e l a t e d  t o  b e t t e r  manufac- 
t u r i n g  methods,  
3) t h e  p o s s i b i l i t y  t o  m a i n t a i n  and d e v e l o p  company s p e c i f i c  know- 
how i n  a p r a c t i c a l  w a y ,  
4 )  t h e  - 
less expe r i enced  pe r sonne l .  
p o s s i b i l i t y  t o  be used by - and as a t r a i n i n g  t o o l  f o r  
One o f  t h e  moat i m p o r t a n t  a s p e c t s  o f  a knowledge-base d r i v e n  
expe r t - sys t em approach  undoubtedly is the f a c t  t h a t  i t  e n a b l e s  
expe r i enced  p l a n n e r s  to  s p e c i f y ,  m a i n t a i n  and improve t h e  know- 
l e d g e  i n  t h e  knowledge-base. Such a sys t em can  s i g n i f i c a n t l y  
improve t h e  a c c e s s i b i l i t y  o f  a company's know-how. It c a n  fu r -  
t he rmore  be c o n s i d e r e d  as  a b a s i s  f o r  s t a n d a r d i z a t i o n  of bo th  
machining methods and t o o l s .  
4.1 The f e a t u r e  r e c o g n i t i o n  module. 
XPUNE r e q u i r e s  a f u l l  p r o d u c t - d e s c r i p t i o n  of bo th  t h e  b l ank  and 
t h e  r eady-pa r t .  It is t h e  f u n c t i o n  o f  t h e  " f e a t u r e  r e c o g n i t i o n "  
module t o  examine t h e  p roduc t  model. s t o r e d  i n  t h e  c o m o n  d a t a -  
base  and t o  d e t e c t  any f e a t u r e  (e.g. a h o l e ,  a s l o t  o r  a pocke t )  
t h a t  needs  to  be machined. F e a t u r e s  are c h a r a c t e r i z e d  by shape  
d e f i n i t i o n .  g e o m e t r i c a l  and t e c h n i c a l  d a t a .  The f e a t u r e  r ecogn i -  
t i o n  module is based on a n  a l g o r i t h m i c  approach  borrowed from 
Choi .  t k r a s h  and Anderson ( 6 ) .  Parag raph  5 .  t a b l e  1 shows a n  
example of t h e  h o l e - f e a t u r e  p a r a m e t e r s  used by XPLASE. 
4.2 The knowledge-base. 
The 
mation:  
1 )  FACTS, 
XPLANE knowledge-base c o n t a i n s  two d i f f e r e n t  k i n d s  o f  i n f o r -  
r e l a t e d  t o  t h e  a v a i l a b l e  machine t o o l s  and t o o l s  (e.8. 
t h e  d i a m e t c r s  of t h e  d r i l l s  a v a i l a b l e  for a g iven  mnchine 
t o o l ) .  
2 )  RULES. (e.g. I F  a h o l e  w i t h  a " f l a t  bottom" s u r f a c e  h a s  t o  be 
machined T H E N  you c a n  u s e  an end-mil l  f o r  t h e  f i n a l  ope ra -  
t i o n ) .  
The issue of knowledge r e p r e s e n t a t i o n  mainly depends on t h e  
knowledae domain (7 ) .  S i n c e  t h e  human e x p e r t ' s  knowledge t e n d s  t o  
be fragmcnted and u n s t r u c t u r e d ,  so c a l l e d  p roduc t ion  r u l e s  have 
been adop ted  f o r  t h e  r e p r e s e n t a t i o n  o f  t h i s  knowledge. A produc- 
t i o n  r u l e  c o n s i s t s  b a s i c a l l y  of two p a r t s :  
1 )  a number of c o n d i t i o n s .  
2)  a number o f  a c t i o n s .  
I F  c o n d i t i o n ( s )  Tl1F.N a c t i o n ( s ) .  
The a c t i o n  r e s u l t i n g  from a r u l e  c a n  be a p p l i e d  i f  t h e  c o n d i t l o n s  
s t a t e d  i n  that r u l e  are met. An example o f  s u c h  a r u l e ,  w i t h  a n  
a d d i t i o n a l  APPLICATION keyword to  i n d i c a t e  a p a r t i c u l a r  k i n d  o f  
f e a t u r e  f o r  which t h e  r u l e  cnn be used ,  is g iven  b e l w :  
APPLICATION h o l e  
IF  hole-surface-roughness LARGER-THAN 5. 
AND hole-bottom-type NOT-FQUAL-TU f la t -bot tom 
AND thread-type EQUALS n o t g r e s e n t  
CALL DRILLING ( hole-diameter ,  hole- length ) 
THEN 
ENDIF 
The k n o w l e d g e b a s e  i n c l u d i n g  a l l  i n t e r r e l a t i o n s  between d i f f e r e n t  
r u l e s  and co r re spond ing  c o n d i t i o n s  and a c t i o n s  is s t o r e d  e x p l i -  
c i t l y  i n  t h e  c o m n  data-base.  
4 .3  The i n f e r e n c e  e n g i n e .  
D i f f e r e n t  from a c o n v e n t i o n a l  a l g o r i t h m i c  sys t em,  domain s p e c i f i c  
d e c i s i o n  r u l e s  a.re s t o r e d  i n  t h e  knowledge-base. which is e x t e r -  
n a l  t o  t h e  e x p e r t  system. By c o n s u l t i n g  t h e  knowledge-base, t h e  
e x p e r t  system is c a p a b l e  t o  i n f e r  d e c i s i o n s  based on t h e s e  r u l e s .  
T h i s  eng ine .  
The c o n s u l t a t i o n  mechanism is  based on t h e  s u b s t i t u t i o n  o f  
f e a t u r e  pa rame te r  v a l u e s  i n  t h e  p roduc t ion  r u l e s .  The X W E  
system u s e s  a backwards s e a r c h  method (8) that starts w i t h  a 
comple t e ly  machined part f e a t u r e  and s e a r c h e s  f o r  " i n v e r s e  opera-  
t i o n s "  that f i l l  up t h e  f e a t u r e  u n t i l  i t  b lank  state is a c h i e v e d  
(see f i g u r e  7). 
4.3.1 The g raph  s e a r c h  method. 
'he i n f e r e n c e  oechanism is based on a g raph  s e a r c h  method (7) .  
S t a r t i n g  w i t h  a comple t e ly  machined p a r t  f e a t u r e  ( a  so c a l l e d  
mre -worked- fea tu re )  a number of a c t i o n - p a r t s  o€ d i f f e r e n t  r u l e s  
from t h e  knowledge-base can be a p p l i e d  ( s i n c e  a l l  c o n d i t i o n s  
s t a t e d  i n  t h o s e  r u l e s  a r e  met): e a c h  o f  them s u g g e s t i n g  a d i f -  
f e r e n t  ( i n v e r s e )  machining o p e r a t i o n .  T h i s  r e s u l t s  i n  t h e  genera-  
t i o n  of a c o r r e s p o n d i n g  number of so c a l l e d  less-worked f e a t u r e s .  
p a r t  o f  t h e  system is u s u a l l y  c a l l e d  t h e  i n f e r e n c e  
I f  n o n o r  t h e  newly g e n e r a t e d  less-workcd f e a t u r e s  is e q u a l  t o  
t h e  un-machined f e a t u r e  ( b l a n k )  e v e r y  one of them is s u i t a b l e  t o  
become a more-worked f e a t u r e  d u r i n g  t h e  f o l l o w i n g  s t e p .  I n  t h i s  
way a "tree-shaped d e c i s i o n - s t r u c t u r e "  deve lops .  An e x t r a  p run ing  
mechanism is added t o  t h e  i n f e r e n c e  e n g i n e  t o  gu ide  t h e  s e a r c h  
p rocess .  By e s t i m a t i n g  t h e  machining c o s t s  (see 4 .3 .2 )  f o r  e v e r y  
g e n e r a t e d  set o f  machining o p e r a t i o n s .  and a f t e r  comparing t h e  
d i f f e r e n t  c o s t - v a l u e s  w i t h  e a c h  o t h e r ,  t h e  i n f e r e n c e  e n g i n e  con- 
t i n u e s  s e n r c h  w i t h  t h e  most  p romis ing  ( say  less e x p e n s i v e  t o  
machine)  o f  t h e  less-worked f e a t u r e s  a v a i l a b l e .  F i g u r e  8 shows a n  
example of t h e  d e c i s i o n  tree g e n e r a t e d  f o r  t h e  h o l e f e a t u r e  ahoun 
i n  f i g u r e  7. The e x p e r t  sys t em approach  o f f e r s  t h e  p o s s i b i l i t y  to  
g e n e r a t e  a number of a l t e r n a t i v e  Bech in ing  o p e r a t i o n s  by c o n t i -  
nu ing  t h e  s e a r c h  a f t e r  a s u c c e s s f u l  set o f  machining o p e r a t i o n s  
h a s  been d e t e c t e d .  
4.3.2 The cos t - equa t ion .  
The d e s i g n  o f  a c o s t - e q u a t i o n  is a s i g n i f i c a n t  matter w i t h  res- 
pect t o  t h e  s e l e c t i v e  f u n c t i o n i n g  of t h e  s e a r c h  method. The c o s t -  
e q u a t i o n  used is o f  t h e  shape :  
f ( n )  - g ( n )  t h(n)  
where f ( n )  - t h e  v a l u e  o f  t h e  cos t - equa t ion  f o r  node n i n  t h e  
tree. 
FEATURE hole: 
to be removed volume 
hole diometer 
hole length 
hole bottom type 
diameter previous operation 
previous operation 
boring operation present 
hole completely finished 
chamfer angle 
length of chamfer 
threod type 
length of thread 
pitch of thread 















g ( n )  - a n  e s t i m a t i o n  o f  t h e  c o s t  a s s o c i a t e d  w i t h  t h e  machi- 
h (n )  - a n  e s t i m a t i o n  o f  t h e  cost r e q u i r e d  t o  r e a c h  a n  end- nr of threads per inch not present 0. n ing  o p e r a t i o n ( s )  s e l e c t e d  to  r e a c h  node n. nr of hole-ports left 
position tolerance .5 
node ( t h e  un-mechined f e a t u r e )  s t a r t i n g  from t h e  surf roughness top-face 20. 
16. 
p r e s e n t  node n. 
I n  t h e  c u r r e n t  p re -p ro to type  implemen ta t ion  o f  t h e  c o s t - e q u a t i o n  
t o  r e a c h  node n ( t h i s  v a l u e  d o e s  n o t  v e t  deuend on t h e  o D e r a t i o n  
g ( n )  is s imply  a s s o c i a t e d  w i t h  t h e  number o f  o p e r a t i o n s  n e c e s s a r y  hole surfoce roughness 
t y p e s  t h e  
r ema in ing  p e r c e n t a g e  o f  t h e  m a t e r i a l  t h a t  s t i l l  needs  machining.  
Nore d e t a i l e d  e q u n t i o n s  w i l l  be  developed i n  t h e  n e a r  f u t u r e .  
4.4. The knowledge-base e d i t o r .  
The knowledge-base e d l t o r  h a s  t o  g u i d e  t h e  o p e r a t o r  when m d i -  
f y i n g  t h e  p roduc t ion  r u l e s .  The e d i t o r  o f f e r s  f a c i l i t i e s  t o :  
1) change  a n  e x i s t i n g  r u l e .  
2 )  add a new r u l e  t o  t h e  knowledge-base, 
3 )  r e a c t i v a t e  a p r e v i o u s l y  d e l e t e d  r u l e ,  
4) s e a r c h  i n  t h e  knowledge-base f o r  t h e  o c c u r r e n c e  of  f a c t s ,  
I n  t h e  n e a r  f u t u r e  r e s e a r c h  e f f o r t  w i l l  be d i r e c t e d  to  the imple- 
m e n t a t i o n  o f  a n  au tomnt i c  d e f i c i e n c y  and c o n s i s t e n c y  check ing  
module. 
4.5 The e x p l a i n  f a c i l i t y .  
k c a u s e  t h e  d e c i s i o n s  are baaed o n  e x p l i c i t l y  d e f i n e d  r u l e s ,  a 
knowledge-base d r i v e n  e x p e r t  system is a b l e  t o  e x p l a i n  i t 's l i n e  
o f  r eason ing .  XPLANE s t o r e s  a l l  r e l e v a n t  i n f o r m t i o n  f o r  p o s s i b l e  
c o n s u l t a t i o n  a f t e r w a r d s  d u r i n g  which t h e  sys t em c a n  t e l l  e x a c t l y  
why a g i v e n  machining o p e r a t i o n  h a s  been s e l e c t e d .  The e x p l a i n  
f a c i l i t y  o f f e r s  t h e  f o l l o w i n g  f a c i l i t i e s :  
1) I t  c a n  v i s u a l i z e  t h e  g e n e r a t e d  d e c i s i o n - t r e e  s t r u c t u r e  f o r  
e a c h  p a r t  f e a t u r e  o f  a product .  and h i g h l i g h t  t h e  s e l e c t e d  set 
o f  machining o p e r a t i o n s  and t o o l s .  
2 )  I t  c a n  v i s u a l i z e  bo th  t h e  f e a t u r e  pa rame te r  v a l u e s  and t h e  
a s s o c i a t e d  v a l u e  o f  t h e  cos t - equa t ion  f o r  e v e r y  node i n  t h e  
d e c i s i o n  tree. 
3) It can  d i s p l a y  t h e  sou rce - t ex t  o f  any c o n s u l t e d  r u l e  and show 
Lhe e v a l u a t e d  r e s u l t s  e i t h e r  f o r  t h e  e n t i r e  r u l e  or f o r  e a c h  
o f  t h e  separate c o n d i t i o n s .  
n e c e s s a r y  ;o r each  node n )  and b(n)  is a s s o c i a t e d  ' t o  
c o n d i t i o n s ,  a c t i o n s  o r  parts o f  them. 
The e x p l a i n  f a c i l i t y  is of  g r e a t  h e l p  d u r i n g  t h e  knowledge acqu i -  
s i t i o n  and t h e  imp lemen ta t ion  phase  o f  t h e  e x p e r t  system. I t  w i l l  
a l s o  p rove  t o  be a very  u s e f u l  tool for t h e  t r a i n i n g  of less 
expe r i enced  p l anne r s .  
5. A PROCESS PLANNING E X M E .  
A wire-frame drawing of  t h e  p roduc t  is p r e s e n t e d  i n  f i g u r e  9. The 
c o m o n  da ta -base  c o n t a i n s  a real s o l i d  model of t h i s  p roduc t  and 
a number o f  s u r f a c e  roughness  s p e c i f i c a t i o n s  and t o l e r a n c e s  which 
have n o t  been made v i s i b l e  i n  t h e  wire-frame drawing.  
The f e a t u r e  r e c o g n i t i o n  m d u l e  of XPLANE h a s  scanned t h e  p roduc t  
d e s c r i p t i o n  i n  t h e  c o m n  da ta -base  and h a s  d e t e c t e d  one  s i n g l e  
ho le - f ea tu re .  The e x t r a c t e d  f e a t u r e  parameter v a l u e s  are l i s t e d  
below: 
The i n f e r e n c e  e n g i n e  h a s  s e l e c t e d  a set o f  machining o p e r a t i o n s  
and c o r r e s p o n d i n g  t o o l s  based on t h e  p roduc t  s p e c i f i c a t i o n s ,  t h e  
p r e - s e l e c t e d  machine tool and t h e  p re - se l ec t ed  toolset. The d e c i -  
s i o n - t r e e  S t r u c t u r e  g e n e r a t e d  i s  p r e s e n t e d  i n  f i g u r e  8.  The 
s e l e c t e d  set of  machining o p e r a t i o n s  and t h e  tools are l i s t e d  i n  
t a b l e  2 i n  t h e  sequence  o f  m c h i n i n g .  
The o p e r a t o r  examines t h e  system's l i n e  o f  r e a s o n i n g  by u s i n g  t h e  
e x p l a i n  f a c i l i t y .  The i n t e r a c t i v e  i n t e r r o g a t i o n  is f u l l y  renu-  
d r i v e n .  Examples are g iven  i n  t a b l e s  3 and 4.  
T a b l e  1. Hole f e a t u r e  parameter-values .  
Machining operation Tool diameter 
1 . Drilling 8 mm. 
2. Milling 10 mm. 
. . . . . . . . . . . . . . . . . . . . . .  
3. Chamfering. -- 
T a b l e  2. S e l e c t e d  machining o p e r a t i o n s .  
SHOW THE RULE CONSULTATION RESULTS FOR NODE 1: 
All pre-conditions are satisfied for rules 9 and 12. 
One or more of the pre-conditions are not satis- 
fied for all the other rules. 
SHOW THE CONDITION CONSULTATION RESULTS FOR RULE 8 AND NODE 1: 
APPLICATION hole 
IF hole surface roughness >= 5. <true> 
AND hole bottom type <> flat bottom <false> 
AND thread type = not present <true> 
CALL DRILLING ( hole diameter, hole length ) 
THEN 
ENDlF 
T a b l e  4. Rule c o n s u l t a t i o n  example. 
The p r e s e n t  i m p l e m n t a t i o n  o f  t h e  e x p l a i n  f a c i l i t y  s u p p o r t s  o n l y  
r a t h e r  basic f a c i l i t i e s .  I t  is e s s e n t i a l  t h a t  a d d i t i o n a l  
f u n c t i o n s  are added to  t h i s  module (e.8. f a c i l i t a t i n g  e n g l i s h  
r e s p o n s e s  i n s t e a d  o f  ' t r u e '  and ' f a l s e ' )  so that i t  c a n  be used 
as a t r a i n i n g  t o o l  f o r  less expe r i enced  p l a n n e r s .  The e x p l a i n  
f a c i l i t y  is very  u s e f u l  d u r i n g  t h e  knowledge a c q u i s i t i o n  and in- 
p lemen ta t ion  phase. M o d i f i c a t i o n s  to  t h e  knowledge-base c a n  be 
c a d e  by u s i n g  t h e  s y s t e m ' s  knowledge-base e d i t o r .  
6 .  CONCLUSIONS. 
The i n t r o d u c t i o n  of a u t o m a t i c  i n f o r m a t i o n  p r o c e s s i n g  sys t ems  
( l i k e  N C p a r t  p r o g r a m i n g  s y s t e m )  i n  part manufac tu r ing .  espe- 
c i a l ly  i n  f l e x i b l e  manufac tu r ing  sys t ems  f o r  small b a t c h  sires. 
has emphasized t h e  c r u c i a l  impor t ance  of process -  and o p e r a t i o n s  
p l ann ing .  The d e s i g n  and s e l e c t i o n  o f  f i x t u r e s  and t h e  g e n e r a t i o n  
of new p r o c e s s  p l a n s  has become a bo t t l e -neck .  The i n t r o d u c t i o n  
o f  computer  a i d e d  p r o c e s s  -and o p e r a t i o n  p l a n n i n g  s y s t e m s  that 
assist human p l a n n e r s  and u s e  e x p e r t  knowledge, c a n  s o l v e  t h i s  
bo t t l e -neck  i f  t h e s e  s y s t e m s  can be i n t e g r a t e d  w i t h  t h e  e x i s t i n g  
CADICAN systems.  XPLANE is such  a n  e x p e r t  p r o c e s s  p l a n n i n g  sys- 
tem. The p r e s e n t  XPLANE imp lemen ta t ion  d e t e c t s  ho le - f ea tu res  f rom 
a produc t  model c r e a t e d  by a boundary - rep resen ta t ion  sol id-odel-  
ler. and selects t h e  r e q u i r e d  machining o p e r a t i o n s  and twls. The 
p r o t o t y p e  is implemented i n  s t a n d a r d  FORTRAN-77 on a mic ro  VAX 
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11. Present  developments are d i r e c t e d  t w a r d s  t h e  i m p l e m n t a t i o n  
of a d d i t i o n a l  product f e a t u r e s  l i k e  slots and pockets i n  both t h e  
f e a t u r e  recogni t ion  d u l e  and t h e  knowledge-base. Although no 
d i r e c t  e f f o r t  is made i n  t h a t  d i r e c t i o n ,  i t  is believed that t h e  
approach can a l s o  be a p p l i e d  fo r  t h e  s e l e c t i o n  of machining 
o p e r a t i o n s  and tools i n  turn ing .  Fur ther  e f f o r t s  w i l l  be d i r e c t e d  
t o  t h e  design and i m p l e t e n t a t i o n  of a more a e l e c t i v e  cost-equa- 
t i o n  and a d d i t i o n a l  f u n c t i o n s  i n  both t h e  knowledge-base e d i t o r  
and t h e  e x p l a i n  f a c i l i t y .  
These i n v e s t i g a t i o n s  a r e  supported by t h e  Netherlands Foundation 
for  Technical Research (STW); f u t u r e  Technical Science Branch of 
t h e  Netherlands Organization for t h e  A d v a n c e n t  of Pure Research 
(ZWO). 
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FIGURE 1. M E  PRESENT STATE OF IMPLDAENTATION. 
FtGURE 5. EXAMPLE OF A SUCCESSFUL RUN. 
COMMON DATA-BASE 
X M  NC-PART 
PR0GRA)rl 
CENERAllON 
FIGURE 3. W P L E  OF OPERATOR-SYSTEM INTERACTK)N-PROCESS. 
FIGURE 6. EXPERT PROCESS PLANNING PNIRONMENT. 
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COMPLETELY WORKED FEATURE 
Charnfcn'ng 4 - . machining 
mothod 
Rough-boring 
4 _ _ _ _ _ _ _ _ _ _  cost-aquation 
VOIUO I Drilling a UNWORKELl FEATURE 
FIGURE 8. DECISION-TREE STRUCTURE. 
- 
ffiURE 9. WIRE-FRAME REPRES€NTAllON OF A PROWCT M o D n  
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